This article presents an experimental investigation of a ductile rubber-modified polypropylene. The behaviour of the material is investigated by performing tension, shear and compression tests at quasistatic and dynamic strain rates. Subsequently, scanning electron microscopy is used to analyse the fracture surfaces of the tension test samples, and to relate the observed mechanical response to the evolution of the microstructure. The experimental study shows that the material is highly pressure and strain-rate sensitive. It also exhibits significant volume change, which is mainly ascribed to a cavitation process which appears during tensile deformation. Assuming matrix-particle debonding immediately after yielding, the rubber particles might play the role of initial cavities. It is further found that the flow stress level is highly dependent on the strain rate, and that the rate sensitivity seems to be slightly more pronounced in shear than in tension and compression. From the study of the fracture surfaces it appears that the fracture process is less ductile at high strain rates than under quasi-static conditions.
Introduction
Thermoplastics have during the last couple of decades found their use in an increasing number of applications, also involving the automotive industry. Typical examples from this field are bumpers and dashboards. Common for these components is that they have to be designed for possible crash situations. The reason why thermoplastics are so interesting for such applications is their excellent compromise between low density and mechanical properties relevant for energy absorption. On the other hand, today's main tool when designing such parts is the finite element method. Accurate numerical predictions of the response caused by e.g. an impact event require a material model that is able to represent the most important features of the thermoplastic at hand. This is a challenge in the available commercial finite element codes. Obviously, development of suitable models for thermoplastics demands good knowledge of the mechanical behaviour and preferably also the mechanisms at the meso-scale. This paper presents results from mechanical tests on a polypropylene block copolymer, which is applied by automotive companies in bumpers and other parts. Within this field of engineering, it is common to modify the materials with rubber phases during the injection process to increase the ductility of the material when exposed to high strain rates. These rubber phases have therefore an influence on the macroscopic behaviour of the material. In particular, knowledge of the behaviour of these materials under different stress states and strain rates is required because they are applied in complex car components which may be subjected to various loading situations. Material tests reveal such information, and serve also to provide insight in relevant features to cover when a material model for thermoplastics is to be developed.
Mechanical testing of thermoplastic materials demands in general a more complex setup than what is necessary for tests on metals. One reason is the intrinsic softening effects appearing at the early stages of yielding, inducing instabilities in the specimens and subsequently a non-homogeneous deformation field [1, 2] . Further, thermoplastics may exhibit volume changes when deformed [3] , which can often be related to craze growth and subsequent cavitations in the amorphous phases. Besides, a strong rate dependence is often reported [4, 5] which may involve thermo-mechanical effects in some cases [6, 7] . In the case of rubber blended polymers, the presence of rubber phases has also an effect on the general behaviour of the material. Several authors have dealt with the behaviour of cavitated polymers [8, 9, 10] , and claim that the cavitation occurring in such materials is an important dissipation process during deformation. From a microstructural point of view, cavitation is generally induced by debonding of rubber particles. The usual tool applied for investigation of this topic is scanning electron microscopy (SEM) of the fracture surfaces, visualizing the role of the particles [11, 12] . However, it is more difficult to find information on the influence of the strain rate on the cavitation behaviour, and on the interrelation between microstructural evolution of the material and the observed mechanical response under different states of stress as it exists when a polymeric car component is subjected to crash. Experimentally, the features described above call for full-field strain measuring techniques. We have used digital image correlation (DIC) in the material tests presented in this paper. A random speckled pattern is applied at the gauge area of the specimens before the test. The evolution of the speckled pattern when the material is deformed is acquired by a digital camera. Subsequently, the DIC software uses the camera pictures to determine the displacement field and thereafter to calculate the deformation gradient field and the in-plane strain field with reference to the original configuration [13] .
In the current paper, mechanical tests in tension, shear and compression are performed to investigate the effect of stress state on the response of the material. The material was delivered as injection-moulded plates, and the possible anisotropy of the mechanical properties is therefore also evaluated. The tests are carried out at different strain rates between 10À3 and, where the higher level corresponds approximately to the strain rate experienced by an automotive part in a crash situation. SEM analyses of the fracture surface were also carried out, as this enables an evaluation of the microstructural mechanisms, which is a key to understand the mechanical properties of the material at a macroscopic level. The main contribution of the paper is to describe the mechanical behaviour of a rubber-modified polypropylene copolymer under different stress states and strain rates relevant for structural impact applications. Full-field measuring techniques were employed in the strain calculations, and the observed macroscopic behaviour was partly explained by microscopic investigations.
The paper is organised as follows. Section 2 provides an overview of the experimental programme, involving procedures for tension, compression and shear tests at different rates as well as SEM analysis. The results from the mechanical tests and SEM study are presented in Sections 3 and 4, respectively, while Section 5 provides a discussion of the findings. The concluding remarks in Section 6 close the paper.
Material and methods

Material description
The material investigated in this paper is a (PP-EPR) impact block copolymer, consisting of a polypropylene (PP) matrix and ethyleneepropylene rubber (EPR) particles. The fractions are respectively 78 and 22 wt%. The degree of crystallinity of the PP phase has been estimated to 50%. The EPR particles consist of 50% propylene and 50% ethylene. Because the matrix and particles are not miscible, the EPR phase can be considered as rubber inclusions into a PP matrix. Mineral inclusions are also present in low quantity (0.5%). The material has good mechanical properties for crash applications and exhibits a very high ductility.
The material was injection-moulded into plates of 3 mm thickness. Both the temperature of the mould and the flow were kept constant during the process to avoid residual stresses. The subsequent cooling was slow enough to ensure that the temperature could be considered homogeneous in the plate during the whole process. Thus, the plates were supposed to have homogeneous material properties. This issue was checked in the tension loading mode, see Section 3.1.
Experimental setup for mechanical tests
Mechanical tests were carried out in tension, compression and shear at several strain rates at room temperature to establish the mechanical behaviour relevant for crash situations. Most of the tests were monitored with a digital camera, providing pictures for a subsequent determination of the strain field applying digital image correlation (DIC).
In tension, modified ISO527b specimens were used for all strain rates, see Fig. 1a . A small imperfection was machined at both sides of the specimen and near the centre of its gauge section to localise Fig. 1 . Geometry of the specimens used to characterise the material: (a) tension specimen, (b) compression specimen, and (c) shear specimen. Note that the scale differs between the three parts of the figure.
the deformation and thus get a better resolution of the strain measurements. The imperfection had a shape of a curved fillet, with a depth of 0.25 mm and a length of 15 mm. A numerical study was carried out to optimise the geometrical shape and dimensions of the imperfection to ensure that it does not introduce any significant stress triaxiality. Similar modifications of tension test specimens are reported in the literature [3, 14] . All tension tests presented herein were performed with a servo-hydraulic machine, covering average strain rates from 10À3 to. For both force and picture acquisition the sampling frequency was 1 Hz at, 10 Hz at while it was 4000 Hz at 100 s
À1
. The geometry of the compression specimens is given in Fig. 1b . The design was defined by a sufficient low slenderness to avoid buckling. The dimensions of the specimen were rather small because of the limitation defined by the thickness of 3 mm of the injection-moulded plates. For the quasi-static strain rates (10 À2 s À1 ), a hydraulic testing machine was used, while a directimpact Hopkinson bar [15] was employed at the higher strain-rate level (100 s À1 ). In this setup, only the transmission bar was used.
The striker impacted the specimen directly. Hence, most of the striker kinetic energy was used to deform the specimen. Three strain gauges were cemented on the bar. The dynamic stress and strain data were calculated using the wave separation technique developed by Bussac et al. [16] . In the quasi-static compression tests at 10 À2 s
, the sampling rate of force and camera acquisition was 10 Hz. For the elevated strain rate of 100 s À1 the sampling rate of the force acquisition was 10,000 Hz, while it was 30,000 Hz for the digital camera. Fig. 1c shows the geometry of the shear sample. It is a double shear specimen where small notches have been machined at each side of the gauge area to localise the shear deformation. The shape of the specimen is rather similar to that proposed by G'Sell et al. [17] . Their buckling and load capacity criteria are satisfied, but the thickness in the gauge section was not reduced. This simple geometry provides predominant shear state of stress for moderate strains, i.e. less than 0.3. After that, the normal stresses initiated along the grips become too significant to consider the specimen being in a shear state. A hydraulic machine was used in the quasistatic tests (5$10 À3 s À1 ). For moderate strain rates (200 s À1 ), a purpose-made setup was made to adapt the shear specimens into the compression direct-impact Hopkinson bar. The intrinsic constitution of the material and the localisation process acting when the material is stretched cause a variation in the instantaneous strain rate from to during the dynamic shear test. Average values of the shear strain rate are therefore given. At, the sampling rate was 100 Hz for the force acquisition and 20 Hz for the camera, while the rates were increased to respectively 10,000 Hz and 25,000 Hz in the Hopkinson bar tests (200 s À1 ).
Strain measurements
During the tests, the in-plane strain field was acquired using digital camera images and digital image correlation (DIC). The DIC software determines the in-plane Green-Lagrange strains E ij from the sequence of digital images, where i, j ¼ 1,2 or i, j ¼ 1,3 depending on which surface of the sample being investigated. The indices i, j ¼ 1,2,3 are defined from the base vectors e 1 shown in Fig. 1 .
For uniaxial tension and compression, it is convenient to relate the principal values of E ij to the principal values of the Hencky (or logarithmic) strain tensor 3 ij . To this end, a material volume element with dimensions l 0i and l i along the x i -axis in the initial and current configurations, respectively, is considered. It is further assumed that the base vectors e 1 are along the principal directions of the 
It is further necessary to quantify the volume changes during the deformation process. The volumetric Hencky strain is defined by
where V 0 is the initial volume of the material and V is the volume in the deformed configuration. In some cases, the nominal strains e i will be used in presenting the results from the uniaxial tension and compression tests, and these strains are defined by
It is noted that 3 i are often referred to as true strains to distinguish them from nominal strains, which refer to the initial length of the considered material element.
For the case of double shear, the shear strain g can be expressed
in terms of the in-plane components of the Green-Lagrange strain tensor by
Stress calculation
The nominal stress s 1 in the x 1 -direction in tension and compression is defined as
where P is the force applied to the specimen and S 0 is the crosssection area in the initial configuration. Using information from the full-field strain measurements, the calculation of the Cauchy (or true) stress s 1 in uniaxial tension and compression is straightforward, i.e.
where S is the cross-section area in the current configuration. The subscripts 1, 2 and 3 still refer to the base vectors shown in Fig. 1 , and it is assumed that the principal directions of stress and strain coincide. Under uniaxial loading, i.e. in compression and tension, the assumption of transverse isotropic material leads to 3 2 ¼ 3 3 , and it follows that
The assumption of transverse isotropy is evaluated in Section 3.1.
In the case of double shear specimens, the mean shear stress is obtained from
where P is the force acting on the specimen and S V is the gauge area where the shear stress is applied. The factor 2 in the denominator is related to the double shear specimen because the load P acts on two symmetric areas of size S V , see Fig. 1c .
Scanning electron microscopy
Fracture surfaces of several tensile specimens from the quasistatic and dynamic test programme were analyzed with a scanning electron microscope (SEM) to reveal the damage and fracture mechanisms of the material. A JSM-6700F instrument from JEOL was used in the investigation. For reference, micrographs were also taken from samples of the virgin material. These samples were broken after being cooled in liquid nitrogen.
Preparation of the samples for SEM had to be done with care to avoid any damage of the material. Also, thermoplastics are complex to analyze in a SEM because of their very low electrical conductivity which can trigger artefacts and even damage the material. To avoid these difficulties, the samples were first cleaned of intrusive particles using an ultrasonic technique. Thereafter, the samples were metallised in a gold plasma gas to increase their conductivity and reduce the accumulated charges at the surface of the specimen when submitted to the electronic beam.
Results
Evaluation of isotropy and experimental scatter
The material was injection-moulded into 3 mm thick plates as described in Section 2.1. Although precautions were taken during the moulding process to avoid material anisotropy, there may be a coupling between process and material properties. Tensile samples were therefore machined at three different in-plane angles (0 , 45 , 90 ) with respect to the flow direction during the injection moulding in order to check if there is any in-plane anisotropy. Fig. 2 shows the obtained nominal stressestrain curves. The longitudinal orientation (L) corresponds to the flow direction, whereas the transverse direction (T) is perpendicular to the flow. The third orientation (45) is diagonal, i.e. has an angle of 45 with respect to the flow direction. The response appears to be similar in the three directions, indicating planar isotropy.
The scatter between different plates was investigated by machining samples from the same location in three different plates. The specimens were tested in tension at 10 À2 s
À1
, and the nominal stressestrain curves are provided in Fig. 3 . Clearly, the batch repeatability seems to be good.
The transverse deformation of the material in tension was also checked to evaluate any possible flow anisotropy. The samples were taken at the same location in the middle of the plate. Two groups of specimens were investigated. For the first group of specimens, the front of the samples defined by the (e 1 , e 2 )-plane was monitored with the digital camera, whereas the side of the samples defined by the (e 1 , e 3 )-plane was studied for the second group. The coordinate system is as defined in Fig. 1 . Again, the experimental repeatability was good. Fig. 4 shows the evolution of the transverse strains versus the longitudinal strain for a representative test. The special case of an incompressible material is also plotted for comparison; for such a material, the evolution of 3 2 and 3 3 as function of 3 1 is linear with a slope of À0.5. The measured evolution of the transverse strains is similar for the two groups of specimens indicating that the plastic flow of the material is rather isotropic. Consequently, all true normal stresses reported in this paper are calculated with Eq. (7), utilising the transverse in-plane strain 3 2 .
The evolution of the transverse strains shows clearly that the volume increases during stretching when the longitudinal strains exceed 0.05. Moreover, the fact that the transverse strains are much smaller than they would be in the incompressible case implies that these dilations are significant. The volume change occurring when the strain exceeds 0.05 corresponds experimentally to the initiation of plastic deformations and whitening of the material. At strains below 0.05, the slopes of the experimental curves are rather close to that in the incompressible case. Poisson's ratio was estimated to be between 0.4 and 0.5 depending on which transverse strain component was used in the calculation. This variation is attributed to uncertainties in the strain measuring technique because of the low thickness of the specimens and very small deformations in the elastic range. The accuracy improves when the strains increase. Fig. 5 shows the true stressestrain curves of the material at three different strain rates in tension. The material exhibits strain hardening due to molecular stretching at quasi-static strain rates. For the dynamic case, however, yielding starts by a peak immediately followed by a severe drop. The ensuing strain hardening for large deformations is less than in the quasi-static case. The oscillations occurring in the stressestrain curve for the dynamic case is most probably due to the inertia of the force sensor and the grips' disposal [18] . The use of a disposal is not avoidable in tension at such strain rates. Oscillations induce uncertainties on the force measurements, but the oscillations have a very particular signature, and their amplitude remains acceptable. Here we choose to represent the raw data, but it is possible to smooth the data by a moving average technique or some filtering. The full-field strain measurements were not impacted by the oscillations on the force signal. Fig. 6 shows the evolutions of the transverse strains for the different strain rates, including also the case of an incompressible material. It appears that the transverse strains and hence the volume change in tension do not seem to depend on the strain rate. Nominal stressestrain curves for four strain rates are presented in Fig. 7 . These results were obtained without the use of full-field deformation measurements. The evolution of the yield stress with the strain rate is similar in both test series reported in Figs. 5 and 7, indicating that a strain-rate characterization of a polymer material does not necessarily require an experimental setup involving DIC. Nominal yield stress data may suffice.
Tension tests
Compression tests
The results of the compression tests are given as true stressestrain curves in Fig. 8 for two strain rates. The behaviour differs from what was observed in tension. In particular, the flow stress appears to be significantly higher. In the quasi-static case, i.e. at strain rate 10 À2 s À1 , the flow stress changes from 18 MPa in tension to 28 MPa in compression, which represents a ratio of 1.5. Another interesting observation from Fig. 8 is that the shape of the stressestrain curve after the yield point clearly differs between the static and dynamic cases. The strain hardening observed in the static case does not seem to be present under dynamic loading.
Still considering the compression tests, the evolution of the transverse strain is plotted as function of the longitudinal strain in Fig. 9 . The response of an incompressible material is also here plotted for comparison. Like in tension, the transverse strain has a similar evolution for both strain rates, indicating that the volume change in compression does not depend on strain rate. Another observation from Fig. 9 is that the experimental curves are located under the line representing the behaviour of an incompressible material, which means that the volume decreases. These changes Fig. 12 . Fracture surface of a tensile specimen deformed at quasi-static strain rate, identifying the initiation area (1) and the propagation area (2). are, however, smaller than in the tensile case because the curves are closer to the line representing the incompressible response. A similar behaviour has been observed in several cavitated polymer blends [19, 20] and is probably related to the kinetics of void evolution in the material.
Shear tests
The behaviour in shear is given in Fig. 10 , showing shear stressestrain curves at a quasi-static and dynamic strain rates. The shape of the curves is rather similar to those observed in tension and compression, see Figs. 5 and 8, although the transition from the initial elastic part to the plastic flow regime appears to be more gradual in the case of shear. Also, the strain rate sensitivity seems even more pronounced in shear than it is in the two other loading modes. The level of the flow stress plateau is doubled by increasing the shear strain rate from 0.005 s À1 e200 s
À1
, while a similar increase of four decades of strain rate in tension or compression yields an increase in flow stress with a factor around 1.6. It should be noted, however, that we experienced some difficulties in obtaining a constant shear strain rate in the dynamic tests. The reported dynamic strain rate of 200 s À1 in Fig. 10 was an average rate, while the instantaneous local strain rate at the onset of yielding had a maximum value of 500 s À1 . The test results from Figs. 5 to 10 show that the mechanical response of the material is very dependent on the state of stress and the strain rate. It is further established that there is a significant change of volume when the material deforms in tension and compression. Thus, information about the microstructure of the material and its evolution when deformed is relevant for an improved understanding of the underlying deformation mechanisms.
Results from SEM analysis
SEM micrographs of undeformed material
The fracture surfaces were investigated with a scanning electron microscope as described in Section 2.5. As a reference for the brittle fracture morphology and to evaluate the microstructure of the virgin material, micrographs were also obtained from a nondeformed sample that was broken after being cooled in liquid nitrogen at À196 C, see Fig. 11 . It is evident from Fig. 11b that cavities are present. This may explain some of the mechanical properties, and in particular, the pressure dependency and volume change. A reasonable assumption could be that the small cavities might correspond to the location of the rubber phases in the PP matrix, which debonded or cavitated during the fracture process in liquid nitrogen or during the subsequent sample preparation. This debonding is explained by a decrease of the adhesion properties of the rubber phases with the matrix. An analysis of the fracture surfaces indicates an initial void density of approximately 20%. Fig. 12 shows the through-thickness fracture surface of a specimen subjected to quasi-static tension. Two different fracture morphologies can be identified, corresponding to the initiation area (1) and propagation area (2) . The initiation area (1) was not always located in the middle of the sample, but always remained ductile. Long stretched ligaments can be seen, which are characteristic of ductile cavitated polymers. The surrounding area (2) corresponds to a fast brittle propagation of the crack with cleavage morphology. Such morphologies have previously been observed in blended polymers in the same conditions [8, 9] .
SEM micrographs of tension samples
A close-up look of the ductile area (1) in Fig. 12 is given in Fig. 13 . The fibril-like structure is clearly seen. This filament structure is characteristic of the interaction existing between cavities and the PP matrix. An explanation could be formation of micro-necks during tensile deformation, which according to Galeski [21] and Peterlin [22] is favoured by the presence of voids. In this case, voids are initiated by rubber phases debonding from the matrix. Another interesting observation in the area with ductile fracture is the presence of spheroids; see the encircled areas in Fig. 13b . They have the same size as the small voids observed in the virgin material, see Fig. 11b . The material shown in Figs. 12 and 13 has not been subjected to any cooling. The fracture is therefore ductile and the particles are likely to still be present because of a higher degree of cohesion with the PP matrix, recognizable as spheroids in Fig. 13b . Another possibility is that the visible particles in Fig. 13b could be the mineral inclusions initially present in low quantity in the material.
Fig. 14 presents a magnification of the propagation area (2) identified in Fig. 12 . A lot of cavities and voids are observed. Their size has increased significantly from the non-deformed to the deformed specimens. This is related to the macroscopic volume increase measured during tensile testing. The ligament structure that was observed in the initiation area, see Fig. 13 , is not present in Fig. 14 .
The effect of the strain rate on the microstructure of the deformed material has also been investigated. The fracture morphology of a specimen fractured at a strain rate around 50 s À1 is shown in Fig. 15 , and the fracture surfaces differ clearly from those obtained at quasi-static test conditions, see Fig. 12 . Also here, different types of morphology are found. A ductile area with formation of fibrils is present in the right-hand part of Fig. 15a . The ductile area is now much smaller than it was in the quasi-static test. In this particular case, fracture was initiated at the border of the sample. This area is magnified in Fig. 15b . Moreover, a brittle area with voids and cleavage morphology can be observed in the lefthand part of Fig. 15a , and there is also an area with intermediate morphology. Fig. 16 shows high magnification micrographs of the same tension specimen, addressing respectively the initiation and propagation area. In a similar way as under quasi-static loading conditions, the fracture initiation is ductile with presence of long pulling filaments, see Fig. 16a . These filaments are shorter in the dynamic case than they were at quasi-static test conditions. The Fig. 16 . High magnification micrographs of the fracture surfaces in tension at dynamic strain rate: (a) initiation area, and (b) propagation area. Fig. 17 . Equivalent stressestrain curves obtained at different deformation modes and strain rates. Fig. 18 . Representation of the yield loci in the (s 1 ,s 2 )-plane for different orders of strain rate. most significant differences, however, can be observed by magnifying the propagation area, see Fig. 16b . The cavities are smaller than in the quasi-static case, and this is possibly a strain-rate effect. At high strain rates, the cavities do not have time to grow, as they would do under slow test conditions. The result is that the material breaks at a lower deformation. The morphology of the cavities and of the material around them is also very different from that of the quasi-static case. The shapes of the cavities are less regular and the edges seem less sharp. An explanation for this could be the significant self-heating of the material at this strain rate during deformation process, which changes the morphology as the fracture occurs. The fracture surface appears indeed very similar to those observed by van der Waal and Gaymans [23] for polymerrubber blends under dynamic conditions.
Discussion
Fig . 17 shows the mechanical response of the material at different states of stress and strain rates. For the purpose of comparison, the values are plotted using equivalent stress and strain measures. In uniaxial tension and compression, s eq ¼ js 1 j and 3 eq ¼ j3 1 j, while in shear, s eq ¼ ffiffiffiffiffi 3s p and 3 eq ¼ g=
. Significant differences of behaviour between the three states of stress represented can be noticed. It is observed that the strain hardening in tension is rather weak. From a microstructure point of view, this is linked to the presence of the particles in the virgin material which are likely to debond at the early stage of the deformation process and subsequently play the role of pre-existing cavities. They represent about 20% of the total volume. The growth of cavities induces softening and damage which counteract the intrinsic strain hardening of the material. Similar behaviour has already been observed for filled thermoplastics in tension [4, 5, 12, 13] , and in particular, the influence of the volume fraction of particles which tends to increase the softening effect.
The material is pressure dependent as the flow stress increases significantly from tension via shear to compression. This is evidence indicating that the material is subjected to a cavitation process in tension. Several authors have discussed the role of the pre-cavitation on the different response of polymers under different states of stress, e.g. Pawlak and Galeski [24] . Another explanation could also be a significant frictional effect in this material due to the sliding between molecular chains when stretched [25] .
The material is highly rate sensitive in all deformation modes. To illustrate this, yield loci in the plane of principal stresses (s 1 ,s 2 ) are indicated for rates of order 10 À2 and 100 s À1 in Fig. 18 . All yield stresses addressed as points in the figure correspond to the local maxima point of their respective stressestrain curves. In the case where no local maximum is observed on the true stressestrain curves in tension, the yield stress is defined using nominal values, where a local maximum is always observed, and then converted to a true stress at yielding. If the curves exhibit a less pronounced elasto-plastic transition, e.g. in shear, the Considère construction can be used to determine the yield stress. The yield surfaces are represented with ellipses even though more experimental yield points are required to establish the shape more precisely. In particular, high-triaxiality states of stress like biaxial tension should be investigated to get a better description of the yield surface. The centre of the ellipse does not coincide with the origin as a result of the pressure dependency of the material. Furthermore, their shapes are really similar to the ones found for a rubber-modified PVC [26] and a rubber-modified SAN [27] . The yield loci are expanding with the strain rate which is explained by the strain rate sensitivity of the material, as observed in many other polymers [28, 29] . From a modelling point of view, many investigations have been performed to handle pressure dependency of cavitated polymers. Raghava et al. [30] proposed a yield function which was found to well describe the pressure dependency of the yield stress. The model presented by Boyce et al. [31] is also an interesting choice because it accounts for pressure dependency by modifying the plastic multiplier of the flow rule, and also adding a pressure dependent softening term. On the other hand, the predicted flow was volume preserving, which has been shown not to be correct for the rubber-modified PP investigated in this article.
Still considering the strain-rate sensitivity of the material and its influence on the yield stress, Fig. 19 shows the evolution of the equivalent yield stress as function of equivalent strain rate for the three different states of stress. In this figure, s eqY is the equivalent yield stress at the considered equivalent strain rate _ 3 eq , while s eq0 is the equivalent yield stress at a reference equivalent strain rate _ 3 eq0 . The tests performed at the lowest strain rate were taken as the reference cases in all three loading modes. It appears from Fig. 19 that the evolution of the yield stress with strain rate is rather log-linear for the considered range of strain rates between 10 À3 and 102 s
À1
. Also, it is interesting that application of nominal and true stress measures in tension does not have any significant influence on the results shown in Fig. 19 . This means that it does not seem to be necessary to have instrumentation involving digital image correlation for strain rate investigations addressing the yield stress only.
The underlying mechanism of the large rate sensitivity is related to the microstructure of the material. The stretching of the molecule chains during the deformation process is thermodynamically favoured at low strain rates close to the equilibrium conditions. The chains have then the time to stretch. It is particularly true for polymeric materials where molecule chains form a non-ordered net. At higher rates, the chains do not have time to re-organise during deformation, resulting in increased resistance and hence larger observed stresses. It is however unclear why the strain-rate effect seems slightly more pronounced in shear than in tension and compression, which has already been noticed in Section 3.3.
Another strain-rate effect can be observed in the SEM micrograph of fractured specimens in tension shown in Fig. 16b . The fracture surfaces exhibit signs of self-heating, as already observed by van der Waal and Gaymans [23] , and this feature does not seem to appear in the quasi-static tests. One assumption could be a thermo-mechanical coupling during deformation and significant adiabatic self-heating of the material [6, 7] . Besides, another interesting observation that could confirm such an effect is the shape of the dynamic stressestrain curve in compression that exhibit less strain hardening compared to the quasi-static case. However, this point remains to be confirmed, and more investigations, e.g. using digital infrared thermography, are necessary to establish the underlying mechanisms. Fig. 20 presents the evolution of the volumetric strain in the quasi-static tension and compression tests. It is clearly seen that the material is dilating in tension and contracting in compression. This observation is in agreement with a cavitated material behaviour observed in tension. It can also be noted that in compression the volume first decreases and then increases again when the longitudinal strain exceeds 0.25. This increase may be due to the barrelling effect that occurs during testing at large deformations and induces tension area along the surface of the sample and, in particular, where the strains are measured. A SEM study of samples deformed in compression is required to gain more insight into the physical mechanisms occurring at the meso-scale. Similar behaviour has been observed in others cavitated polymers [19, 32] , and attempts have been made to model this volume changes behaviour using theories developed for porous material. An interesting choice is to use a Gurson-like potential to describe the plastic flow, coupled with a void evolution rule which accounts for cavities growth when the material is stretched. Within this field, Steenbrick et al. [19] and later Pijnenburg et al. [20] modified the Gurson plastic potential to account for large elastic strains occurring in thermoplastics material. Similarly, Zairi et al. [33] also used a modified version of the Gurson potential to account for the damage induced by cavity growth.
Conclusion
A rubber-particle reinforced polypropylene material was characterised under three states of stress, i.e. tension, compression and shear, and at several strain rates ranging from 10 À3 to 100 s
À1
. The test results show that the material exhibits strong pressure dependence, and significant volume changes are observed in tension and compression. The mechanical properties are defined by the intrinsic characteristics of the thermoplastic matrix as well as the cavitation processes initiated around particles. It was further found that the flow stress level is highly dependent on the strain rate, and that the rate sensitivity seems to be slightly more pronounced in shear than in tension and compression.
SEM analysis of fracture surfaces in tension shows that the material is highly damaged due to cavity growth. The observed fracture surfaces are typical for polymer blends, and the pattern can be explained by particles debonding and subsequent formation of micro-necks favoured by cavitation during the deformation process. The cavitation process is also confirmed by the evolution of the volume change during tensile and compression tests that were recorded with DIC. It is further recognised that the fracture process seems to be less ductile at high strain rates than under quasi-static conditions. The micrographs reveal that the voids are much smaller in the dynamic case, and there seem also to be some significant selfheating of the material due to the adiabatic regime at high strain rates. This point remains to be confirmed by use of infrared thermography technique.
